Abstract. Seasonal changes in the species composition of tintinnid ciliates were examined based on time-series samples taken at 2 week intervals over a 3 year period in Hiroshima Bay, the Seto Inland Sea of Japan. The maximum abundance of total tintinnids over the entire period was 5.7 X 10 3 individuals 1"'. Among 32 species identified, a consistent seasonal occurrence was recognized in 22 species. The relationships between various environmental factors and the abundance of each species of tintinnids were analyzed using principal component analysis. From this analysis, the abundance of many tintinnids was revealed to be associated with temperature, the <20 prni size fraction of chlorophyll a and water column stability, but not with the >20 u.m size fraction of chlorophyll a, nor with salinity. From these results, tintinnid species were divided into five association types: species whose abundance increased with increasing temperature, decreasing temperature, nanophytoplankton abundance, increasing water column mixing, or increasing water stratification coupled with low temperature.
Introduction
Microzooplankton can ingest nanoplankton which net zooplankton cannot graze efficiently, and microzooplankton are consumed by larger zooplankton (Turner and Anderson, 1983; Stoecker and Sanders, 1985; Gifford, 1988; McManus and Ederington-Cantrell, 1992; Kamiyama, 1994a) . Accordingly, microzooplankton play an important role in tranferring nanoplankton production to higher trophic levels. Microzooplankton consist of protozoans and micrometazoans. Tintinnids are important components of the planktonic protozoan community, as are aloricate ciliates and heterotrophic nanoflagellates (Laybourn-Parry, 1992; Pierce and Turner, 1992) . The taxonomy of tintinnids has progressed more rapidly than that of other components of the microzooplankton, because each species of tintinnid has a lorica specific to the species (e.g. Kofoid and Campbell, 1929; Marshall, 1969) . Studies of the abundance and biomass of tintinnids in coastal waters have been conducted (Hargraves, 1981; Capriulo and Carpenter, 1983; KrSinid, 1987; Verity, 1987) , and the growth and grazing capabilities of tintinnids have been examined in laboratory and field experiments (Taniguchi and Kawakami, 1983; Verity, 1985 Verity, ,1986 Kamiyama and Aizawa, 1987) .
In Japan, excess nutrients and organic substances originating from industrial and domestic waste waters have been loaded into coastal waters since the mid-1960s (Honjo, 1993) . As a result, eutrophication has advanced and problems such as nuisance red tides and low oxygen conditions in the bottom layers have occurred in the Seto Inland Sea and in other embayments. In the eutrophic areas, a high biomass of nanophytoplankton caused by high concentrations of nutrients is a typical feature. In such areas, microzooplankton dominated by tintinnids are known to exert a large grazing pressure on nanophytoplankton assemblages (Kamiyama, 1994a) .
In eutrophic embayments in Japan, however, there are few studies on the ecology of tintinnids and other microzooplankton (Nomura etaL, 1992) . To clarify the population dynamics of tintinnids, it is necessary to perform investigations at shorter sampling intervals covering various seasons of a year, because tintinnid generation times are a few days or less and are strongly influenced by environmental factors (Taniguchi and Kawakami, 1983; Aelion and Chisolm, 1985; Verity, 1985; Kamiyama and Aizawa, 1987) . However, information available from such a short-interval sampling program is currently limited (Verity, 1987) .
To fill gaps in our knowledge about the population dynamics of individual species of tintinnids in eutrophic waters, we carried out a seasonal survey in Hiroshima Bay for a 3 year period. In addition to the seasonal abundance of each tintinnid species, analysis was extended to the specific association of tintinnid species with various environmental factors.
Method

Study site
There are many small islands in Hiroshima Bay, which impede the exchange of seawater in the bay. As a consequence, the water conditions of the bay are affected by meteorological events of various time scales and by local human activities. The seawater and bottom sediments in the northern closed area of Hiroshima Bay are extremely polluted by organic substances, and many kinds of red tides have occurred in this region in the summer (Kimura et al., 1973) . In particular, in 1992, a red tide of Gymnodinium mikimotoi broke out and caused extensive death of cultured fish. Toxic phytoplankton have occurred and have damaged oyster and manila clam fisheries recently. These events indicate that eutrophication is in progress in the bay. Our sampling site (Figure 1 ), -10 m in depth and located in the western part of the bay, is under the influence of water from the northern closed area and of river run-off from the vicinity. The outbreak of red tides has been a regular summer event in this area (Kamiyama, 1995) . Although the zooplankton community in this area was investigated by Hirota (1968) and Uye et al. (1992) , there is no information about tintinnids.
Sampling and treatments
Sampling was conducted at the site at intervals of ~2 weeks from May 1987 to April 1990. Surface water samples were collected with a plastic bucket, and samples at depths of 2 and 5 m, and at 1 m above the bottom were collected with a 6 1 Van Dora water sampler. Temperature and salinity at each depth were measured with a portable salinity-temperature bridge (YEO-KAL model 602). The water column stability was calculated from the difference in water density (cr t ) between the surface and 1 m above the bottom (Asigma-t).
Part of the water sample from each depth was used to measure the chlorophyll a concentration of unfractionated seawater (total chlorophyll a) and of seawater passed through 20 and 40 u,m mesh screens (hereinafter referred to as <20 \im and <40 u,m chlorophyll a, respectively). The 400 ml of seawater thus treated were filtered in duplicate through Whatman GF/C glass-fiber filters (pore size -1.2 p,m) within 2 h of sampling. All filters were kept frozen. Chlorophyll a was extracted 
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Locations of the Seto Inland Sea (lower right figure) and the study site in Hiroshima Bay.
by grinding the filters in 90% acetone and its fluorescence was measured with a Turner Designs fluorometer (Yentsch and Menzel, 1963; Holm-Hansen et al, 1965) . Chlorophyll a size fractions thus included <20,20-40 and >40 u,m chlorophyll a, with the second value obtained by subtracting <20 u,m chlorophyll a from <40 p,m chlorophyll a, and the third value obtained by subtracting <40 p,m chlorophyll a from total chlorophyll a. One liter of the water sample was preserved with buffered formalin at a final concentration of 1-2% within 2 h of sampling for counting tintinnids. The preserved sample was concentrated to 1-5 nil by settling and then tintinnids were counted in a volume equal to one-half to one-tenth of the concentrated sample under a phase-contrast microscope at a magnification of 100 or 200 X using a Sedgwick-Rafter chamber. The precision of this counting method was examined using five subsamples from one of the water samples, resulting in a coefficient of variation of 9% for counts of total tintinnids (mean density = 681 individuals I" 1 ). For the identification of tintinnids, Kofoid and Campbell (1929) , Marshall (1969) , Hada (1937 Hada ( ,1938 , Yoo et al. (1988) , Yoo and Kim (1990) , and Bakker and Phaff (1976) were consulted.
Data analysis
Data at each depth for temperature, salinity, chlorophyll a and abundance of tintinnids were integrated over depth, and thus mean water column data were obtained. The data for tintinnid abundance were converted to logjoOt + 1) for the following statistical analyses.
To determine whether the occurrence of each species was random (non-seasonal) or not (seasonal), the 'run test' (Tate and Clelland, 1957) was performed for all species.
The relationships between environmental factors and the abundance of each species of tintinnid were analyzed by principal component analysis (PCA) based on correlation coefficients among 29 parameters obtained from 77 sampling data. The parameters consisted of six environmental factors: temperature, salinity, water column stability, >40 u.m chlorophyll a, 20-40 u.m chlorophyll a and <20 (xm chlorophyll a, and the factors were the abundance of total and individual species of tintinnids whose occurrences were indicated to be non-random by the run test. Figure 2 shows the seasonal variations in temperature and salinity at the surface, at 2 and 5 m, and at 1 m above the bottom, and the water column stability at the sampling site in Hiroshima Bay. The maximum and minimum temperatures each year were in the ranges of 25.3-26.4 and 9.5-10.7°C, respectively. The overall salinity ranged from 11.3 to 33.2. The minimum salinity was presumably due to the influence of heavy rain and the resultant river run-off, a regular annual event in this area in the summer. The water column stability indicated that the stratification of the water column began in March or April and lasted until September or October each year.
Results
Hydrographic conditions and chlorophyll a
Maximum and minimum chlorophyll a concentrations each year ranged from 7.1 to 8.0 p,g H and from 0.4 to 1.1 u.g H, respectively ( Figure 3 ). The <40 jim and <20 jim chlorophyll a represented 40.3-99.4% and 13.2-98.1% of the total chlorophyll a, respectively. In general, the total chlorophyll a was frequently dominated by the <20 u.m fraction during the summer, while the >20 u.m chlorophyll a often comprised >50% of the total chlorophyll a during the autumn and winter seasons.
Seasonal abundance of tintinnids
The abundance of total tintinnids varied drastically with season ( Figure 4) . The maximum abundance ranged from 2.6 X 10 3 to 5.7 X 10 3 individuals H and the minimum from 0.2 X 10 2 to 0.9 X 10 2 individuals I" were more abundant in early summer through early autumn and less abundant in winter. n J ,. 8 T er !, a 32 u species of tintinnids were identified in this study. To compare overall abundance, the mean abundance (as a geometric mean) was computed for each species. This computation revealed that Tmtinnopsis beroidea and Tmtinnop-
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15-T-D m°St C°mmOn and nUmerOUS 'P" 5^ in ^ tintinnid population of Hiroshima Bay (Table I) . For species for which seasonal abundance was non-random, abundance exceeding the grand mean was used to assign a predominant season. Consequently, 22 of 32 species exhibited regularity in seasonal occurrence at the 1 % level. Five seasonal types were recognized: spring (April-June) type, spring-summer (April-September) type, summer (July-September) type, summer-autumn (July-December) type and autumn-spring (October-June) type. Figure 5 shows of most species was limited to short periods of time each year, which differed from one species to the other. of the eigenvalue of the third principal component (Z 3 ). The fourth principal component (Z 4 ) showed strong positive factor loading with >40 jim chlorophyll a and 20-40 |xm chlorophyll a. The contribution of the eigenvalue for principal component Z 5 was <5%.
Species composition of rrnrlnntds in Hiroshima Bay
Relationships between tintinnid abundance and biotic/abiotic factors
Although the cumulative contribution of eigenvalues up to Z 2 was only 53%, the distribution of the factor loading of Z 1 and Z 2 was illustrated in a scatter diagram (Figure 6 ). From the distribution pattern of each tintinnid species in the diagram, 22 species of tintinnids could be classified into five association types: species whose abundance is strongly associated with high temperature (type I), species whose abundance increases with increasing chlorophyll a and temperature (type II), species whose abundance is negatively correlated with water column stability and high temperature (type III), species whose abundance relates positively with water column stability during the period of low temperature (type IV), and species whose abundance decreases with increasing temperature (type V). Overall, most species belonging to association types I, II, III, IV and V occur in summer, spring through summer, summer through autumn, spring, and autumn through spring of the next year, respectively. Although factor loading for salinity was close to that for >40 p,m chlorophyll a, both were isolated from any species of tintinnids on the diagram. Table  II . Note that the closer the points are to the circle (dotted), the higher the contribution to the total information.
Discussion
Tintinnids have been reported to occur in abundance in other coastal waters. Maximum densities were recorded to be >18 X 10 3 individuals I" 1 in southern California Bay (Heinbokel and Beers, 1979) , KP-IO 4 individuals H in Long Island Sound (Capriulo and Carpenter, 1980) , 7 X 10 3 individuals I" 1 in the Damariscotta estuary in Maine (Sanders, 1987), 9.8 X10 4 individuals H in Narragansett Bay (Verity, 1987) and lOMO 4 individuals I" 1 in Bedford Basin, Canada (Paranjape, 1987) . These values compare favorably with the present results of 2.6 X l(fi-5.7 X 10 3 individuals H in Hiroshima Bay. For the coastal waters around Japan, there are only two reports on the abundance and species composition of tintinnids. Dohi (1982) found 52 species of tintinnids in Funka Bay, in the northern part of Japan, and Nomura et al. (1992) recorded 39 species in Tokyo Bay. These species numbers are greater than the 32 species recorded in the present study. These differences may be attributed to dissimilar habitats for tintinnids. According to KrSinic (1987) , the number of tintinnid species increases consistently towards the outer region of the Bay of Mali Ston. The lower number of species in Hiroshima Bay than in Funka Bay and Tokyo Bay may be due to the reduced influence of the Pacific Ocean on the former region relative to the latter two. As noted earlier, there are many small islands in Hiroshima Bay, which makes the exchange of water in the bay extremely inefficient and, as well, highly susceptible to the effects from the land.
Most tintinnid species occurred for a limited period of time during the year, and the period of occurrence differed from species to species. KrSinic (1987) and Graziano (1989) also observed discrete peaks in abundance of many tintinnids in the Bay of Mali Ston and in the North Irish Sea, respectively. Three possibilities are considered to explain the isolated peaks in tintinnid abundance observed in this study: seasonal immigration or emigration with the movement of water masses; temporal and spatial patchiness; seasonal recruitment by excystment of each species cued by a particular set of environmental conditions. The first possibility is highly unlikely because Hiroshima Bay is only slightly subject to the influence of outer bay waters. The second may possibly be the case for the minor species. However, patchiness is not considered to be important for the major species because this study extended over three annual cycles and the season of abundance of most of the dominant species was consistent each year. The third is considered to be most important for tintinnids in Hiroshima Bay. Tintinnids can form cysts during their life cycles (Reid and John, 1978) . The excystment of tintinnids on the bottom probably plays an important role in forming tintinnid populations in the water column (Paranjape, 1987) . Recent studies have indicated that temperature, light and extracellular products of phytoplankton can all affect the excystment of tintinnids (Kamiyama and Aizawa, 1992; Kamiyama, 1994b; Kamiyama et al., 1995) . However, the exact mechanism of tintinnid excystment in nature is not known. Further study is needed to explore this process in detail.
From the results of PCA, 22 species of tintinnids were divided into five association types. Sixteen species were positively associated with high temperature, high concentration of <20 u.m chlorophyll a and low salinity (type I). These species accounted for 73% of all tintinnids used for PCA, supporting the conclusion by previous workers that population growth of many tintinnid species is positively associated with high temperature and abundant food conditions (Sanders, 1987; Verity, 1987) .
Information provided by Z 2 enabled us to differentiate the species which are dependent on nanophytoplankton abundance (type II) from those occurring abundantly in the autumn when stratification was weakened (type III). As for the species belonging to association type II, E.tubulosus and Tintinnopsis nana are small species (oral diameter <20 p-m), so it is reasonable to assume that they are strongly dependent on the abundance of nanophytoplankton. Furthermore, the abundance of these type II species has a strong influence on the total tintinnid population, as judged from close association of these points on the Z\-Zi diagram.
Codonellopsis nipponica, occurring in summer, also belonged to type II. However, this species is isolated from a cluster of other type II species on the diagram, and the cumulative contribution of factor loading up to Z 2 for this species is <25% of all the information. The abundance of the C.nipponica population decreased temporarily in the midsummer, unlike the patterns for the other summer species such as E.tubulosus ( Figure 5) . Therefore, the occurrence of C.nipponica can probably not be explained by the factor loading of Z\ and Z 2 .
Association type III species occurred in abundance at the beginning of relaxation of stratification, implying that these species have a strategy for avoiding food competition with type I or type II species. Although direct factors stimulating the population increase of type III species during this period are unknown, it is conceivable that detritus and bacteria are supplied from the bottom by vertical mixing, thus providing a favorable food environment for the development of this type of species.
Six of 22 species were abundant in the cold season and were distributed in the region of negative Z x on the diagram. Among these species, T.kofoidi was the most dependent on low temperature. In Hiroshima Bay, this species occurred only during the period when the bottom temperature was <20°C, which is known to be in a suitable temperature range for its excystment (Kamiyama and Aizawa, 1992) . Association type IV species, which were abundant in the spring, were differentiated according to the factor loading of Z 2 which showed a positive correlation with <20 n-m chlorophyll a and with water column stability ( Table II) , indicating that these species favored abundant food conditions and water stratification. Among type IV species, it is noted that the season when H.fusiformis and Etaraikaensis were abundant in Hiroshima Bay is similar to that observed for the same species in Tokyo Bay (Nomura et al, 1992) .
For T.beroidea, the information accounted for by Zj and Z 2 was only 17.2% of the total. This species occurred not only in the low-temperature season, but also during much of the summer, although results of the run test indicated this species to be one of the autumn-winter-spring species. This mode of occurrence for this species may not be explained by the information provided by Z x and Z 2 . Tintinnopsis beroidea was rather close to >40 p.m chlorophyll a on the diagram. Further, the factor loading for Z 4 correlated with >40 p,m chlorophyll a, indicating a moderate association of T.beroidea with this chlorophyll a fraction (Table  II) . Yet, T.beroidea cannot capture phytoplankton of this size because its oral
